A key feature that differentiates prokaryotes from eukaryotes is the absence of an 26 intracellular membrane surrounding the chromosomal DNA. Here, we report isolation of 27 an anaerobic bacterium that possesses an additional intracytoplasmic membrane 28 surrounding a nucleoid, affiliates with the yet-to-be-cultivated ubiquitous phylum 'Ca. 29 Atribacteria', and possesses unique genomic features likely associated with organization 30 of complex cellular structure. Exploration of the uncharted microorganism overturned the 31 prevailing dogma of prokaryotic cell structure. 32
RT761's physiology. 79
The importance of localization and membranes in RT761 was further supported by 80 genomic and transcriptomic analyses. Alignment of all RT761 protein-coding genes with 81 a reference sequence database revealed that 34 genes in the RT761 genome contained 82 unique N-terminal extensions (NTE; 10-73 amino acids in length) compared to the top 83 250 hits in the NCBI RefSeq database and some of them were conserved among 'Ca. 84
Atribacteria' OP9 genomes ( Supplementary Table S1 and Table S2 ). The genes with NTE 85 biosynthesis (UDP-3-O-acyl-N-acetyglucosamine deacetylase -LpxC), DNA replication, 87 DNA repair, transcriptional regulation, tRNA processing, transmembrane signaling, and 88 H2 generation (FeFe hydrogenase subunit alpha -HydA). Notably, several facilitate 89 central functions in their respective processes: FtsZ recruits other cell division proteins to 90 the fission site 14 , LpxC performs the committing step in Lipid A biosynthesis 15 , and HydA 91 catalyzes the reduction of protons to H2 in the hydrogenase complex 16 . NTEs in 92 prokaryotes have so far been only found in enzymes that localize to the lumen of 93 subcellular compartments called bacterial microcompartment (BMC) and are necessary 94 for the encapsulation of enzymes with NTE into BMC shells 17,18 . Among 34 genes with 95 NTE in RT761, only one enzyme (deoxyribose-phosphate aldolase) is expected to localize 96 to the BMC 4 . Given the observation of DNA and RNA localization, we speculate that 97 some of NTEs are signal sequences for subcellular localization, which is a necessary 98 feature for RT761 to regulate cell function within its complex cellular structure. 99
Interestingly, RT761 and other 'Ca. Atribacteria' possessed two FtsZ genes, one with an 100 NTE and the other without ( Supplementary Fig. S5 ). RT761 expressed both FtsZ's during 101 exponential growth. FtsZ is known to localize to the membrane through interaction with 102 cell division protein FtsA that associates with the membrane through a C-terminal 103 amphipathic helix 19 . While the NTE-lacking FtsZ gene is adjacent to FtsA, the FtsZ with 104 an NTE lacks a corresponding FtsA. The Ca. Atribacteria FtsZ NTE were predicted to 105 form amphipathic helices that can bind to the membrane ( Supplementary Fig. S5 ), 106 suggesting that the two FtsZ have a different localization mechanism and non-redundant 107 roles in RT761. Although 9 out of 6,751 cultured bacterial type strains possess both a 108 typical and NTE-possessing FtsZ, putative amphipathic helices were not found in any of 109 these sequences. Such unique features may be essential for binary fission through triple 110 lipid membranes in RT761 ( Supplementary Fig. S1 ). 111 electron acceptors for anaerobic respiration (i.e., nitrate, ferric iron, and sulfate). 142
Although RT761 growth was inhibited by accumulation of hydrogen during cultivation 143 with glucose, addition of a hydrogen-consuming methanogenic archaeon significantly 144 increased the growth rate and maximum cell density of RT761 ( Supplementary Fig. S7 ). 145 RT761 can theoretically shift to ethanol fermentation as an alternative electron disposal 146 route but only generates a small amount ( Supplementary Fig. S7 ), indicating that RT761 147 primarily relies on hydrogen formation to maintain cellular redox balance. Thus, in 148 contrast to most hydrogen-producing fermentative bacteria, RT761 highly depends on 149 syntrophic association with hydrogen-scavenging methanogen for ideal growth. Such 150 dependence of sugar degradation on a syntrophic partner is thought to be important in 151 anoxic ecosystems 25, 26 . We speculate that RT761 may also avoid ethanol production as 152 continuous exposure to acetaldehyde generated through ethanol fermentation could 153 cumulatively damage chromosomal DNA, especially due to the slow growth rate 154 (doubling time of 5.1 days). In addition, we observe the expression of the gene cluster 155 encoding homologues of BMC previously proposed to sequester and condense aldehydes 4 . 156
Similar metabolisms of BMC-mediated aldehyde conversion to sugars and syntrophy that 157 are theoretically possible or thermodynamically required for association with 158 methanogens have been predicted in cultivation-independent analyses of 'Ca. Supplementary Fig. S8 and S9 ), making this strain the first culturable representative of 165 this candidate phylum since its 16s rRNA-based discovery in sediments from the hot 166 spring in Yellowstone National Park and designation as OP9 in 1998 7 . Based on 167 phenotypic, genotypic and phylogenetic characteristics, we propose strain RT761 as a 168 new species, 'Ca. Atrimonas tricorium' (A.tri.mo'nas. L. adj. ater -tra -trum, black; L. 169 fem. n. monas, a unit; N.L. fem. n. Atrimonas, a bacterium isolated from the dark, deep 170 sedimentary environment) (tri.co'ri.um. L. pref. tri, three; L. neut. n. corium, layer or 171 coating; N.L. neut. n. tricorium, triple membrane). 172
We discovered a bacterium belonging to a hitherto uncultivated ubiquitous phylum 173 whose cell structure, organization and regulation are much more complex than a typical 174 prokaryote, providing a new perspective on prokaryotic cell biology. Further 175 characterization of 'Ca. A. tricorium' may help us uncover the evolution of the 176 prokaryotic ability to form intracellular membranes surrounding chromosomal DNA and 177 its relationship to development of the eukaryotic nucleus. 178 exile gen. nov., sp. nov., an anaerobic, thermophilic, filamentous bacterium of a 237 novel bacterial phylum, Caldiserica phyl. nov., originally called the candidate 238 phylum OP5, and description of Caldisericaceae fam. nov., Caldisericales ord. 239 nov. and Caldisericia classis nov. Int. J. Syst. Evol. Micr. 59, 2894 -2898 (2009 
